Modern methods for species delimitation provide biologists with the power to detect cryptic diversity in nearly any system. To illustrate the application of such methods, we collected data (21 sequence loci) from a carnivorous plant in southeastern North America and applied several recently developed methods (Gaussian clustering, Structurama, BPP, spedeSTEM). The pale pitcher plant Sarracenia alata inhabits the southeastern USA along the northern coast of the Gulf of Mexico. Sarracenia alata populations are separated by the Mississippi River and Atchafalaya Basin, a known biogeographical barrier in this region, but the cohesiveness of S. alata as currently classified has not been tested rigorously. Multiple analytical approaches (including allelic clustering and species trees methods) suggest that S. alata comprises two cryptic lineages that correspond to the eastern and western portions of the plant's distribution. That such clear genetic evidence for cryptic diversity exists within S. alata and is in conflict with other sources of data (e.g. morphology, environmental differentiation) illustrates a conundrum faced by those who investigate species boundaries: genetic data are often the first type of data to accumulate evidence of differentiation, but most existing taxonomic treatments are based on nongenetic data. Our results suggest that S. alata as currently described contains two cryptic species, and we recommend the elevation of the western populations to species status.
INTRODUCTION
As befitting a discipline that developed at the interface between systematics and population genetics, the detection of cryptic diversity has been one of the primary aims of phylogeographical research (Avise, 2000) . Although early investigations relied on qualitative examinations of phylogenies estimated from organellar genomes, several recent methodological advances have leveraged key findings from population genetics to address the problem of cryptic diversity detection. As a result, practitioners now have the ability to discover cryptic species-level diversity in a broad range of systems using a modest amount of genetic data. Given the diversity of recently developed methods, it can be difficult to intuit which to apply to a given empirical system and to infer the biological meaning in the face of incongruence across methods. In order to highlight the challenge and potential of species delimitation, we explored the species boundaries in a carnivorous plant from southeastern North America using a variety of methods. Our focal system is the pale pitcher plant Sarracenia alata, a long-lived perennial Angiosperm (order Ericales; family Sarraceniaceae) that occurs in pine savannahs throughout the western Gulf Coast.
Sarracenia alata has a disjunct distribution ( Fig. 1) , with eastern and western populations separated by nearly 200 km across either side of the Mississippi River/Atchafalaya Basin. This barrier is one of several recurring phylogeographical breaks in plants and animals in southeastern North America (e.g. Soltis et al., 2006; Jackson & Austin, 2010) .
Although earlier investigations into S. alata did not identify fixed morphological (Sheridan, 1991) or genetic (Neyland, 2008) variation across this barrier, next-generation sequencing conducted by Zellmer et al. (2012) provided evidence that populations on either side of the river are genetically differentiated. Their genetic data were clustered into three partitions: one composed of all eastern samples, a second composed of all samples west of the Red River and a third composed of samples from the Kisatchie site between the Red and Mississippi Rivers. In addition, phylogenetic analysis indicated that the deepest split in the population tree occurs between clades composed of eastern and western populations, albeit with low posterior probability (P = 0.46). Although these results were suggestive of cryptic diversity between the eastern and western populations, Zellmer et al. (2012) did not offer a comprehensive investigation into this question. Rather, they demonstrated that the main axis of environmental variation was inland to coastal, rather than east to west, and proposed that the genetic structure evident in S. alata was promoted by the major rivers in the region, which may serve as barriers to gene flow. Here, we expand on the work of Zellmer et al. (2012) to explicitly test for diversity in cryptic lineages in S. alata.
The diversity of methodological approaches to species delimitation has increased dramatically in the last decade. In general, these approaches can be separated into two classes -discovery approaches that estimate partitions from the data and thus divide the samples into groups as a part of the analysis, and validation approaches that test partitions in the samples derived from other sources of data (Ence & Carstens, 2011) . In general, the discovery approaches are nonphylogenetic and based on clustering algorithms (but see Pons et al., 2006; O'Meara, 2010) . In contrast, most validation approaches adopt the species tree framework and model lineage composition probabilistically. We operate here under the assumption that each of these approaches has merit, that multiple discovery and validation approaches should be used in any investigation, and that, if a strong signal is present in the data, we should observe congruent results across methods. Zellmer et al. (2012) collected 82 S. alata samples from 10 populations, sequenced a reduced representation library on a Roche 454 and identified 76 variable loci. However, their data matrices contained many gaps, such that the majority of these loci were not sequenced in all individuals. In order to address this shortcoming, we designed polymerase chain reaction (PCR) primers from 20 loci and sequenced individuals with data missing from the matrices using Sanger sequencing. This number was chosen because simulations generally indicate that the accuracy of species delimitation methods does not increase past this number of loci (Yang & Rannala, 2010; Ence & Carstens, 2011; Camargo et al., 2012; Rittmeyer & Austin, 2012) . In addition, we collected data from the chloroplast gene rps16-trnk following the protocol described by Koopman & Carstens (2010) . In total, data were collected from 20 autosomal loci and one chloroplast locus (Table 1) . Heterozygous sites were phased using PHASE v2.1 (Stephens, Smith & Donnelly, 2001; Stephens & Donnelly, 2003) with alleles called in the earlier analysis included. Alleles phased at P = 0.90 or higher were retained; standard ambiguity codes were used for alleles below this threshold.
MATERIAL AND METHODS

DATA ACQUISITION AND PRELIMINARY ANALYSIS
SPECIES DELIMITATION USING DISCOVERY APPROACHES
Two discovery methods were used for species delimitation. We used Gaussian clustering (Hausdorf & Hennig, 2010) , a phenetic approach that clusters individuals on the basis of genetic distance. Distance matrices for each locus were estimated in PAUP* v4.0b10 (Swofford, 2002) and corrected using maximum likelihood (ML) and an appropriate model of sequence evolution (see Table 1 ). These matrices were then combined to construct a multilocus distance matrix using POFAD v1.03 (Joly & Bruneau, 2006) , which was converted into similarity vectors using nonmetric multidimensional scaling (Kruskal, 1964) . Gaussian clustering was conducted in R using two packages, prabclus (Hausdorf & Hennig, 2010) and mclust (Fraley & Raftery, 2006) . We also used Structurama v2.0 (Huelsenbeck & Andolfatto, 2007; Huelsenbeck, Andolfatto & Huelsenbeck, 2011) to discover species limits. This approach utilizes the Bayesian clustering algorithm introduced in the widely used Structure (Pritchard, Stephens & Donnelly, 2000) package, but treats the number of clusters (K) as a random variable. A Dirichlet process prior is used to propose different clustering levels, and thus the probability of the data given the model (i.e. a particular cluster composition) and K is estimated. In order to ensure that the proposal distributions were not influencing the posterior, we conducted multiple analyses varying the probability distribution for the alpha parameter. All analyses were run for 1 ¥ 10 7 generations and sampled every 1 ¥ 10 3 generations (with a burn-in of 1000 generations).
SPECIES DELIMITATION USING VALIDATION APPROACHES
Validation approaches adopt a phylogenetic framework for species delimitation by modelling the data as a phylogenetic tree and evaluating the probability of models that vary the number of lineages (Knowles & Carstens, 2007) . Validation approaches require users to partition the samples prior to analysis, and these choices can have important ramifications. For our data, we explored several partitions based on the results of the above discovery analyses and previous research. We tested three levels of partitioning: K = 2, as identified using Structurama (below); K = 3 (with eastern and western groups and the Kisatchie population separate), as identified by Zellmer et al. (2012) using Structure and all 76 of their loci; and K = 6, as predicted by the riverine barrier hypothesis proposed by Zellmer et al. (2012) . In addition, we also considered K = 10, which treats all sampling localities as putative lineages to be validated. Although this last partitioning level is probably not biologically reasonable because some sampled populations are separated by less than 20 km, our use here follows Leaché & Fujita (2010) , who also considered all sampling localities, and is motivated by a desire to explore the effect of over-splitting the data using validation approaches.
Phylogenetic approaches to species delimitation could potentially include a very large parameter space that could contain all the parameters associated with the estimation of gene trees, the species tree and the species delimitations. As a result of the size of parameter space, the methods used here, spedeSTEM v1.9 beta (Ence & Carstens, 2011) and BPP v2.1 (Yang & Rannala, 2010) , adopt different strategies for the simplification of the parameter space of species delimitation. Rather than estimating gene trees, spedeSTEM takes previously estimated gene trees as input, calculates the ML species tree for a given partition of samples using STEM v2.0 (Kubatko, Carstens & Knowles, 2009 ) and identifies the best of these partitions using information theory (Burnham & Anderson, 2002) . Because it computes the likelihood of species trees representing the ML estimate of all possible permutations of lineages, spedeSTEM is robust to phylogenetic error. However, the results are dependent on the quality of the gene tree estimates, and the accuracy of spedeSTEM is expected to decrease as the quality of the gene tree estimates decreases. However, it is both easy to assess the quality of gene tree estimates and clear from simulations that, when spedeSTEM is inaccurate, it fails to delimit what are, in reality, separate lineages (Ence & Carstens, 2011); therefore, we believe that we are unlikely to falsely delimit as independent entities that are actually part of the same evolutionary lineage. Gene trees were estimated using PAUP* with models of DNA sequence substitution selected using DTmodsel (Minin et al., 2003) . Our data average 9.95 variable and 7.62 informative sites per locus, which suggests that poor gene tree estimates are likely to be problematic with our data. The nodal support is generally poor in the estimated gene trees, with bootstrap support values of less than 80% in the majority of nodes across gene trees estimated from different loci (not shown). Accordingly, we utilized replicated subsampling in an attempt to circumvent this difficulty, because such subsampling will increases the ratio of variable sites per tip in the gene tree (i.e. by reducing the number of tips), and thus improve gene tree estimates. Previous work has demonstrated that estimates of the species tree are accurate when subsampling is used with STEM -for example, replicated sampling of five alleles per species produces an accurate species tree (Hird, Kubatko & Carstens, 2010) . As the number of species is in question for a delimitation analysis, we subsampled 20 alleles from S. alata (i.e. two per sampled population) and repeated this analysis 100 times. Log-likelihood scores were averaged across replicates prior to calculation of information theoretic metrics. Subsampling was conducted using python scripts available from: http://carstenslab. org.ohio-state.edu/software.html. As a phylogenetic approach, spedeSTEM requires samples to be divided into a minimum of two lineages to calculate the probability of the species tree|gene tree. We sampled 10 populations, but, in order to evaluate the model in which all S. alata are part of the same lineage, an outgroup is required, and we were only able to amplify eight of the loci described above in Sarracenia rubra. We therefore conducted spede-STEM analyses at all levels using this reduced dataset, and at the K = 3, K = 6 and K = 10 levels using all data. For both approaches, STEM was used to calculate the probability of the species tree|gene tree using the gene trees estimated above and assuming q = 0.126 (Zellmer et al., 2012) .
In contrast with spedeSTEM, which does not consider error in the gene tree estimates, the Bayesian approach BPP utilizes Markov chain Monte Carlo (MCMC) methods to integrate over the uncertainty in the gene tree parameter space. However, BPP does this at the expense of considering uncertainty in the species tree (i.e. it does not integrate over species tree parameter space). BPP relies on the user to supply a topology to guide the analysis. Reversible jump MCMC is used to evaluate whether a given node in the guide tree should be collapsed or retained. Like most users of BPP, we followed Leaché & Fujita (2010) in using the Bayesian program *BEAST v1.7.4 (Heled & Drummond, 2010) to estimate a species tree for use as a guide tree. All loci were set to a strict clock model using models of DNA sequence substitution described above. Analyses were run for 5 ¥ 10 8 generations and sampled every 5 ¥ 10 4 generations (with a burn-in of 1000 trees). Convergence was assessed using Tracer v1.5 (Rambaut & Drummond, 2007) , and a maximum clade credibility (MCC) tree was assembled from the posterior distribution and used to guide the analysis. For BPP, priors were informed by results in Zellmer et al. (2012) , with the gamma prior of q (population size) set to 2497 and t 0 (species tree root) set to 2511. Each analysis was replicated to confirm consistent results.
Finally, because the question of the root placement of the phylogeny of populations in S. alata has important ramifications for species delimitation, we re-estimated species trees with STEM and *BEAST using the loci for which we had sequences from the related species S. rubra (eight loci).
RESULTS
DATA ACQUISITION AND PRELIMINARY ANALYSIS
In total, 796 Sanger sequences were added to the existing data, with an additional 50 alleles sequenced from cpDNA (Table S1 ). Novel data were edited using Sequencher 4.8 (GeneCodes, Ann Arbor, MI, USA), manually aligned in MacClade v4.08 (Maddison & Maddison, 2005) and subsequently phased. The data contain a total of 209 single nucleotide polymorphisms (SNPs) in 7047 bp, or an average of 9.95 variable sites per locus with a length of 335 bp (Table 1) .
SPECIES DELIMITATION USING DISCOVERY APPROACHES
The Gaussian clustering indicates that most samples are members of one of two clusters. Although these clusters are largely associated with the eastern and western populations, there are two samples from the eastern Abita Springs locality that join a cluster with the majority of western samples, and several samples from the western Cooter's Bog and Kisatchie localities that cluster with the majority of eastern samples. In addition, a single sample from Abita Springs does not fit into either of the two large clusters (Table S2) . We do not consider these results to be biologically realistic, because it seems unlikely that a single population could harbour representatives of each genetic cluster, and we do not use it as the basis for further analysis. However, the results from the Structurama analysis appear to have clear biological meaning. They support a clustering level of K = 2 with PPs > 0.95 across a wide range of proposal distributions (Table 2) , and with one cluster composed of all eastern samples and the other of all western samples. We thus base the K = 2 validation analyses (below) on the results of Structurama.
SPECIES DELIMITATION USING VALIDATION APPROACHES
The two validation approaches produced contradictory results. In the spedeSTEM analysis, results consistently found no evidence of cryptic species within S. alata (Table 3; Table S3 ), regardless of whether we used all 21 loci or the eight loci with outgroup sequence. Clearly, these results indicate that S. alata, as described, is a single species, and are consistent with the lack of well-supported nodes in gene trees from across these loci. In contrast with the spedeSTEM results, results from the BPP analyses suggest that there are multiple independent lineages within both the eastern and western populations, regardless of the assumed clustering level (Table 3 ; Fig. 2 ). However, we are skeptical of these results at the higher clustering levels for two reasons. First, we have considerable uncertainty in the species tree space of our *BEAST analysis, which we discuss below. A related concern at the higher clustering levels is the number of tips in our species tree, which (particularly for the K = 10 level) is higher than BPP was intended to analyse (B. Rannala, UC-Davis, pers. comm.), and its accuracy with larger numbers of tips (as in the S. alata data) has not been thoroughly explored.
DISCUSSION
As currently described, S. alata is probably composed of two cryptic species -one each in the eastern and western portions of its range. The clearest evidence in support of this assertion is the results of the Structurama and BPP analysis, each of which supports these partitions with high PP (Tables 2 and 3 ). Although we find similarly strong support for additional lineages using BPP, we suspect that these are false delimitations (see below). We do not find evidence for cryptic diversity using spedeSTEM, a result probably caused by the relative paucity of SNPs in our data, which do not allow gene or species trees to be estimated accurately (Fig. S1) . The results from the Gaussian clustering are slightly incongruent with the other methods, as several eastern individuals were assigned to the western cluster and vice versa. This finding is consistent with simulation results (Rittmeyer & Austin, 2012) , which suggest that the proportion of misassigned individual samples is higher with Gaussian clustering than with Structurama. However, the most curious result from the Gaussian analysis was the division of samples from the Abita Springs population; it seems unlikely that a site of < 305 hectares in size harbours three cryptic species.
In empirical systems, it is possible to be misled by false delimitations as well as by failures to detect cryptic lineages, and congruence across multiple analyses can help to prevent this error (Camargo et al., 2012) . Although some analyses delimit more than two lineages, our confidence in a particular BPP results:
the best course of action is less than clear. Other recent investigations have had a variety of responses to the detection of cryptic diversity using methods for species delimitation. Although some have made clear taxonomic recommendations (e.g. Burbrink et al., 2011; Niemiller, Near & Fitzpatrick, 2012) or have described new species (Leaché & Fujita, 2010) , others have treated the delimited lineages as evolutionary significant units (ESUs) (Barrett & Freudenstein, 2011) or have not made a formal recommendation (Setiadi et al., 2011; Camargo et al., 2012; Zhou et al., 2012) . In the case of S. alata, the taxonomic implications are clear: as the type locality of S. alata is in Mississippi, we recommend the elevation of the western populations to species status, and plan to formally describe this species in a forthcoming article. We operate here under the assumption of the general lineage concept of species (de Queiroz, 2005) , and interpret the results from the genetic analysis as evidence of evolutionary independence between the eastern and western populations.
PHYLOGENETIC UNCERTAINTY IN THE SPECIES TREE AND BPP
Although coalescent stochasticity in the gene trees is accounted for by BPP, we are uncomfortable with the use of a single guide tree for the delimitation analysis, given the phylogenetic uncertainty in the topology of the species tree. Failing to consider this uncertainty could lead to overly liberal delimitation. Consider our analysis at the K = 10 level, which treats each sampled population as a putative lineage. When *BEAST is used to estimate a guide tree, a naïve interpretation of the BPP results would indicate at least five independent lineages (Fig. 2) . However, it is clear that the guide tree has low nodal support and, when we selected 20 trees at random from the posterior distribution of the *BEAST analysis (post burn-in), and used each as a guide tree in a subsequent BPP analysis, support (as summarized by the computation of the posterior probability of nodes represented across these draws from the region of highly probable species tree space) was Results from *BEAST analysis are presented as a maximum clade credibility tree. Numbers above the nodes represent the posterior probability of that node, and numbers below the nodes represent the posterior probability of a BPP run using this tree as a guide tree. Midpoint rooting is used. Please see the legend of Figure 1 for a key to locality abbreviations. Note that the placement of the Franklin population (F) as sister to the clade composed of BSPCK is probably an artefact of the midpoint rooting, as this population is included in the DALT clade when an eight-locus dataset is analysed with an outgroup sequence (see Fig. S2 ).
generally low for the delimitations shown in Figure 2 (see Table S4 ). Our point is not to argue that BPP is inaccurate because we proposed a greater than reasonable number of putative lineages. However, the choice of which partitions to validate with BPP (or any validation method) is critical, precisely because previous work has demonstrated that BPP is prone to over-splitting if the guide tree is misspecified (Leaché & Fujita, 2010) . In this way, spedeSTEM is a vital component of our study, because it does not require a guide tree, but only validates the partitions of the data. spedeSTEM finds that there is much higher support given the data for the level at which all S. alata populations are treated as the same lineage, regardless of the number of a priori lineages, because there are few fixed differences between any populations, and this pattern in the data allows for a single modelled divergence time to fit the data well (i.e. -ln L of the two-species model is much greater than that of any model with more than two species). However, if we focus on the information theoretic rankings of the remaining models, we find clear support for the eastwest delimitation regardless of the a priori partitioning level (Table 3) . To reiterate, despite the limitations of our data (and the generally poor estimates of the gene trees), the second-best model in all analyses (and regardless of an a priori assumption of two, three, six or ten putative lineages) is the model that is consistent with the east-west disjunction and the Structurama results. spedeSTEM is an important tool for species validation, and should be paired with BPP, because these methods have complementary strengths and weaknesses.
The topological uncertainty seen in the STEM phylogeny estimates (Fig. S1 ) and the posterior distribution of the *BEAST runs begs the question of whether the species tree model is appropriate for our data. Systems to which species delimitation methods are applied are inherently emergent phylogenetic systems; as such, the empirical data from such systems approach the lower limits of appropriateness for a phylogenetic approach. In this sense, the ambiguous results seen in the BPP analyses are not surprising. This method has been interpreted as being more powerful at detecting recently diverged lineages than other methods (e.g. Camargo et al., 2012) , and performs well in simulation studies (Yang & Rannala, 2010; Camargo et al., 2012) . However, it relies on an accurate guide tree, an accuracy that is itself dependent on the correct identification of the species boundaries (Carstens & Dewey, 2010; O'Meara, 2010) . Given the uncertainty in species tree estimation, and the fact that BPP does not integrate over this tree space, we suggest that BPP can potentially be misleading and could reasonably lead us to over-estimate species diversity if it is used to validate data that are overly divided. A conservative approach should be adopted for the description of cryptic lineage diversity. We are cautious when interpreting our BPP results, especially when analyses are conducted using a single guide tree where incorrect phylogenetic relationships can drive false positives in species delimitation.
CONCLUSIONS
Next-generation sequencing technology has led to the detection of cryptic lineage diversity within S. alata, and the populations west of the Mississippi River should be elevated to species status. These results have been tested and confirmed through multiple approaches to species delimitation using multilocus genetic data, including the exploration of both discovery and validation approaches. Although we generally agree with Fujita et al. (2012) , who argue that coalescent-based species delimitation should be central to integrative taxonomy, species delimitation is best conducted using both discovery and validation approaches, with congruence across multiple methods necessary for recognizing the presence of cryptic lineage diversity. However, the challenge occurs in systems such as S. alata, in which genetic evidence supports cryptic diversity, but other sources of data do not. Given the influx of genomic data available for systematists, the number of cryptic species discovered will probably continue to increase.
DATA ACCESSIBILITY
All sequence alignments have been deposited in GenBank under accession numbers KC835522-KC835594. Data deposited in the Dryad repository: doi: 10.5061/dryad.f51bb (Carstens & Satler, 2013) .
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . Maximum likelihood estimate of the phylogeny from the STEM analysis. A consensus tree from 100 replicates shows one clade consisting of all eastern populations present in 84% of the replicates, and no other clades are present in more than 50% of the replicates. Please see the legend of Table S1 for population abbreviations. Figure S2 . *BEAST Markov chain Monte Carlo (MCMC) phylogeny for Sarracenia alata using Sarracenia rubra as an outgroup. Eight loci were used to estimate this tree. Please see the legend of Table S1 for population abbreviations. Table S1 . For each of 21 loci, the number of samples sequenced is shown. Populations are denoted with abbreviations as follows: Abita Springs (A), Buton Lake (B), Cooter's Bog (C), DeSoto (D), Franklin (F), Lake Ramsay (L), Pitcher Trail (P), Sundew Trail (S), Talisheek (T). Table S2 . Results from Gaussian clustering. The assignments of individuals to clusters are shown. Samples are grouped into eastern and western populations, and clusters are shaded for ease of viewing. Please see the legend of Table S1 for a key to locality abbreviations. Table S3 . spedeSTEM results from Sarracenia alata with the analysis of all 21 loci. The results across 100 replicates for the K = 10 level are shown, with eastern and western populations divided. From left to right, columns show the model, the average -ln L across replicates, the average Akaike information criterion (AIC), AIC differences and model probabilities. Also shown are the results for the K = 6 level. Please see the legend of Table S1 for a key to locality abbreviations. Table S4 . Summary of results from BPP analysis which considered the uncertainty in species tree space. The posterior probabilities of delimitation are shown averaged over 20 trees selected at random from the posterior distribution. Please see the legend of Table S1 for population abbreviations.
